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Abstract
Plant symbiosis with arbuscular mycorrhizal (AM) fungi provides many benefits for
plants, including increased nutrient uptake, drought tolerance, and belowground pathogen
resistance. In order to have a better understanding of the genetic architecture of mycorrhizal
symbiosis, we conducted a genome-wide association study (GWAS) by phenotyping a diversity
panel of cultivated sunflower (Helianthus annuus) for root colonization under inoculation with
the AM fungus Rhizophagus intraradices. This mapping panel consists of 261 inbred lines that
capture approximately 90% of the genetic diversity present in the cultivated sunflower
germplasm. Using a mixed linear model approach with a high-density genetic map, we
determined regions of the genome that are likely associated with AM colonization in sunflower.
Additionally, we used a ‘core 12’ set of twelve diverse lines (representing approximately 50% of
the genetic diversity in the cultivated germplasm) to assess the effect that inoculation with AM
fungi has on dried shoot biomass and macronutrient uptake. Colonization rate among lines in the
mapping panel ranged from 0 to 70% and was not correlated with mycorrhizal growth response,
shoot P response, or shoot K response among the core 12 lines. Association mapping yielded
three SNPs that were significantly associated with AM colonization rate. These SNPs explained
19.0%, 14.4%, and 27.9% of the variance in three different metrics used to measure the degree of
root colonization. Three genes of interest identified from the significant regions that contained
these SNPs are potentially related to plant defense. Overall, our data suggests that candidate
genes involved in plant defense may affect AM colonization rates within cultivated sunflower,
and that these genes have a large effect size.
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Introduction
Arbuscular mycorrhizal (AM) symbiosis is formed between plants and members of the
Glomeromycota, a monophyletic group of obligate symbiotic fungi (Schüßler et al., 2001;
Delaux, 2017). Phylogenomic analyses indicate that the Glomeromycota have formed symbioses
with plants since the early diverging embryophytes and likely played an important role in the
evolution of land plants. (Remy et al.,1994; Delaux 2015; Berbee et al., 2017). About 65-72% of
flowering plant species form symbiotic relationships with AM fungi, but numerous plant
lineages have independently lost this ability (Wang & Qiu, 2006; Brundrett & Tedersoo, 2018).
AM fungi colonize the cortical cells of the roots of host, forming the AM structures arbuscules,
intraradical hyphae, and vesicles within the root (Brundrett 2004; Smith & Read, 2008). A host
plant exchanges photosynthetically fixed carbon products for nutrients provided by the AM
fungus at arbuscules, the sites of nutrient exchange (Bonfante & Genre, 2010). AM fungi can
play an influential role in modulating ecosystem structure and productivity, contributing to the
coexistence and maintenance of species through plant-soil feedbacks (Hartnett & Wilson, 2002;
Bever, 2003; Rillig, 2004).
Genes in a highly conserved pathway are used for the recognition and initiation of
symbiotic interactions with AM fungi (MacLean et al., 2017). Around 60 Mya, many of the
genes belonging to this pathway were recruited for the recognition and initiation of nitrogenfixing symbioses with rhizobia, producing ‘the common symbiosis signaling pathway’ (Oldroyd,
2013). Given that AM symbiosis is believed to have only evolved once during the evolution of
early land plants (Berbee et al. 2017), many components of this pathway are ubiquitous
throughout the plant kingdom. Despite this, some plants, including the model plant Arabidopsis
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thaliana as well as other members of the Brassicaceae family, have lost many genes required for
AM symbiosis and are therefore unable to form the symbiosis with AM fungi, creating a subset
of genes necessary for AM symbiosis that are uniformly found in plants that host AM fungi but
absent in all non-hosts (Harrison et al., 2002; Zhang et al., 2010; Gobbato et al., 2012; Wang et
al., 2012). Using this common pattern, phylogenomic approaches have been used to identify
more gene families that are conserved in AM symbiosis (Favre et al., 2014; Bravo et al., 2016).
While phylogenomic approaches have identified more genes conserved for AM symbiosis across
the plant kingdom, they do not generate an exhaustive list of genes associated with AM
symbiosis, as some genes do not follow this pattern of strict conservation and are not included in
these analyses (Bravo et al. 2016).
While AM fungi are typically considered symbionts, data on how mycorrhizal fungi
affect plant growth and fitness is varied. Meta-analyses on the effects of AM fungi inoculation in
agricultural systems show that there is generally a net benefit for plant responses such as yield,
biomass, and nutrient acquisition when AM fungal inoculants are added to the soil (Pellegrino et
al., 2015; Schütz et al., 2018; Zhang et al., 2019), although these results can often be inconsistent
due to the context-dependent nature of plant response to mycorrhizal inoculants (Hoeksema et
al., 2010). In addition to benefitting plants through increased nutrient uptake, AM symbiosis has
a number of other positive effects on plant development, such as increasing drought tolerance
(Auge, 2001), protecting against belowground plant pathogens (Sikes et al., 2009), ameliorating
the harmful effects of heavy metal and salt stress (Audet et al., 2007; Chandrasekaran et al.
2014), and aggregating soil particles around the roots (Rillig & Mummey, 2006; Wilson et al.,
2009). There is phenotypic diversity in AM colonization in many crop species, including
sunflower (Turrini et al., 2015), wheat (Singh et al., 2012; Lehnert et al., 2017), soybean
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(Salloum et al. 2016), and even floriculture crops like marigold (Linderman & Davis, 2004).
While there is still evidence of variation in AM colonization rate in crop species, several authors
suggest positive responses to AM colonization in crop plants have been reduced in the last
century of plant breeding due to inadvertent selection (Hetrick and Wilson, 1992; Lehmann et
al., 2012). The trend of reduced root colonization with domestication has been documented in
wild and cultivated sunflower in previous literature (Turrini et al., 2016).
In order to breed for higher AM colonization rates, markers associated with colonization
rate must be identified. One way to identify these markers is through the use of genome-wide
association studies (GWAS). GWAS uses the variation found in population to identify SNPs that
are significantly associated with a phenotype. First used to investigate the genetic causes of
human diseases (Risch & Merikangas 1996; Bush & Moore, 2012), GWAS has successfully
identified genetic link to phenotypic variation in plant and animal studies (Brachi et al., 2011). In
recent years, it has become a useful method for the analysis of complex genetic architectures and
additive traits (Korte & Farlow, 2013), especially in crop species, such as wheat (Lehnert et al.,
2017), common bean (Schmutz et al. 2014), rice (Zhao et al., 2011), and sunflower (Badouin et
al., 2017).
This study examines the genotypic and phenotypic diversity in AM colonization in
cultivated sunflower (Helianthus annuus L.) using association mapping, with a goal to
understand the genetic architecture contributing to differences in AM colonization in the species.
Sunflower is a globally important oilseed crop that was domesticated approximately 4,000 years
ago from the conspecific wild sunflower by Native Americans (Blackman, 2011). In sunflower,
GWAS has been used to elucidate the genetic architecture of a number of traits such as
Sclerotinia head rot resistance (Fusari et al., 2012), flowering time and branching (Mandel et al.,
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2013), root and seedling morphology (Masalia et al., 2018), and floral architecture (Dowell et al.,
2019). Although identification of quantitative trait loci (QTLs) for AM colonization in sunflower
has not yet been attempted, association mapping for this trait has been attempted in several other
species, including wheat (Lehnert et al., 2017) and sorghum (Leiser et al., 2016). The large
continuous variation in AM colonization in diversity panels of crop species suggests that AM
colonization as a trait is highly polygenic, with many genes of small effect (An et al., 2010;
Leiser et al., 2016; Lehnert et al., 2017). The objectives of this study are to determine the
variation of AM colonization in cultivated Helianthus annuus, identify QTLs associated with
increased AM colonization, and to identify candidate genes involved with AM colonization.
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Materials and Methods
Mapping Panel
For this study, we used the sunflower association mapping (SAM) panel developed and
described by Mandel et al. (2011) and Mandel et al. (2013). This mapping panel consists of 288
lines that are maintained by the USDA North Central Regional Plant Introduction Station
(NCRPIS) and the French National Institute for Agricultural Research (INRA). The panel is
estimated to capture about 90% of the allelic diversity in the cultivated sunflower gene pool,
which makes the panel ideal for the robust mapping of phenotypic traits in crop sunflower
(Mandel et al. 2011; Mandel et al, 2013). The mapping panel includes lines from oilseed and
confectionary market types, as well as both maintainer (HA) and restorer (RHA) groups, relevant
to the use of cytoplasmic male sterility in hybrid seed production. A subset of twelve lines,
referred to as the ‘core 12’ capture approximately 50% of the allelic diversity within the SAM
panel and thus provide a broad cross-section of genetic diversity in cultivated sunflower.

Experimental Design
In the fall of 2018, we performed phenotyping of the degree of mycorrhizal colonization
expressed by the SAM population. We selected the species Rhizophagus intraradices (N.C.
Schenck & G.S. Smith) C. Walker & A. Schüßler, to inoculate plants with because it is one of
the more commonly used species of AM fungi in research (Stockinger et al., 2009). The species
was first described by Schenk and Smith (1982) after being recovered from different crops
around the state of Florida. The fungal inoculum Rhizophagus intraradices FL208 was originally
sourced from a pot culture established with root fragments from Citrus sp. and donated to the
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International Culture Collection of (Vesicular) Arbuscular Mycorrhizal Fungi (INVAM) at the
University of West Virginia (https://invam.wvu.edu/). We grew four replicate plants of each of
the 288 lines in 5 L tree pots (Model CP512, Stuewe and Sons, Tangent, Oregon) in an
evaporatively-cooled greenhouse with ambient lighting on the University of Central Florida
campus. Four greenhouse benches were used, constituting spatial blocks, with one replicate plant
per line randomized spatially within each block. Pots were filled with uniformly screened coarse
sand that was sterilized using an electric soil sterilizer (Model SS-15, Pro-Grow, Phoenix,
Arizona). Mesh screen was placed in the bottom of each pot to stabilize and retain the sand. For
efficiency and space, we decided against growing control plants for each line, as uninoculated
controls should experience no root colonization and would require the growth of more than a
thousand plants to obtain no phenotype. Instead, to ensure our soil sterilization treatment was
successful and to examine the relative effects of AM colonization on plant growth, we grew an
additional four replicate plants of each core 12 line to serve as uninoculated controls and
distributed the pots randomly throughout the four blocks. Controls were flagged with red tape to
avoid any accidental contamination during the experiment but were otherwise treated identically
to all other plants with the exception of fungal inoculation. With four replicates of all 288 lines,
plus four addition replicates per line for the core 12 serving as controls, a total of 1200 pots were
prepared.
Before the seeds were planted, each non-control pot was inoculated with 10 mL of a
homogenized mixture of 10% fungal inoculum and 90% moist sand. After inoculation, two seeds
were planted in each pot and were thinned to one plant per pot 10 days after planting. Pots were
watered every other day until most plants had established one true leaf pair, then watered to field
capacity biweekly. Plants were fertilized once per week with 200 mL of modified half-strength
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Hoagland solution, with a P concentration that was found to be optimal for colonization in
previous trials. After 10 weeks of growth, the root system of each plant was gently removed from
the sand, rinsed, and transported to the lab for processing and phenotyping.

Analysis of aboveground biomass
The shoots of both the inoculated replicates and uninoculated controls for the core 12
lines were harvested and dried at 60°C in a forced-air drying oven until constant mass. Those
shoots were then weighed to obtain aboveground biomass. The dried plant tissue samples were
sent to Louisiana State University Extension for nutrient analysis of the tissue using inductively
coupled plasma mass spectrometry (ICP-MS) (Benton, 1991). Mycorrhizal growth response for
each line was calculated as follows:
𝑀𝐺𝑅 =

𝑏𝑖𝑜𝑚𝑎𝑠𝑠 !"#$%&'()* − 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 $#"(+#&
𝑏𝑖𝑜𝑚𝑎𝑠𝑠 $#"(+#&

Total grams of phosphorus and potassium in the dried shoots of each plant were
calculated by multiplying the total biomass by the concentration of the phosphorus or potassium
per gram of plant tissue, giving the estimated total of phosphorus or potassium in the shoot
tissue. Shoot nutrient content was used because it is an indicator of crop agronomic performance,
meaning it is more agriculturally relevant than nutrient concentration, which measures tissue
quality (Pellegrino et al., 2015). Shoot P and K responses for each line were then calculated as
follows:
𝑆ℎ𝑜𝑜𝑡 𝑃 𝑜𝑟 𝐾 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 =

𝑃 𝑜𝑟 𝐾 !"#$%&'()* − 𝑃 𝑜𝑟 𝐾 $#"(+#&
𝑃 𝑜𝑟 𝐾 $#"(+#&
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Determination of AM colonization
Roots were stained following the traditional protocol from Phillips & Hayman (1970)
with a few modifications. Roots from the harvested plants were cut into pieces 1-2 pieces and
0.10-0.15 g. of root sample was placed in a histology cassette. The root samples were moved to a
boiling 2% KOH (w/v) solution. After 15 minutes, the cassettes were rinsed three times and
placed in 2% HCl (v/v) solution at room temperature. After another 15 minutes, the cassettes
were moved to a 1:1:1 solution of 85% (v/v) lactic acid, glycerol, and distilled water with 0.05%
(v/v) trypan blue stain. The cassettes were left to stain overnight, then rinsed and frozen at -18° C
for later microscopic examination.
The most common way to score AM colonization is with the gridline intersect method
(Giovanetti & Mosse, 1980), but this method is prone to errors due to misinterpretation by
observers, particularly those inexperienced at scoring roots (Dodd & Jeffries, 1986; McGonigle,
1990). Because the scale of phenotyping required several individuals of different experience
levels to assist with root scoring, a new method was devised to prevent mistakes. Ten randomly
selected root pieces from each replicate plant were examined under 100x magnification. A single
random image was taken of each root piece on the focal plane that showed the entirety of the
colonized parts of the root. Ten evenly spaced, vertical lines were superimposed on each image
and a single experience observer counted the number of lines that were intersected by an AM
structure. This method made it possible for several people to prepare samples and create images
of the roots, with no error introduced due to variation among observers. The Core 12 samples
(n=47) were used to validate this method against the traditional gridline intersect method, with
an R2 value of 0.82 (S1 Fig).
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Colonization rate is known to be highly variable based on environmental conditions
(Hoeksema et al., 2010). In any greenhouse experiment, there can be environmental gradients
that can influence plant phenotypes. To account for microclimate variation within the
greenhouse, the spatial layout of pots was converted into a grid system, where x and y positions
for each pot were used to fit a standard least squares linear model, generating least squares
means to account for possible variation in airflow, temperature, or light levels. These least
squares means reflect the normalized average for colonization rates for each line and this is the
primary response variable of interest, referred to hereafter as mean colonization rate. Two other
complementary metrics were calculated – the maximum colonization rate among the four
replicates (representing the highest potential colonization observed for each line) and the range
of colonization rate within each line (as a metric of variability in colonization rate under
otherwise highly uniform conditions.

Genome-Wide Association Analysis
Association mapping was completed using the methods of Temme et al. (in press). This
pipeline uses the Genome-wide Efficient Mixed Model Association (GEMMA) algorithm to
account for population structure as identified by principle component analysis (P) and familial
relatedness (K) (Zhou & Stephens, 2012). Twenty-seven lines exhibited higher than expected
rates of residual heterozygosity and are not included in this pipeline, leaving a total of 261 lines
that were used for association mapping analysis (Masalia et al., 2018; Temme et al., in press).
From these 261 lines, 1.81 million SNPs were identified across all 17 chromosomes and the 3.6
Gbp length of the cultivated sunflower genome. The SNP set was then filtered to remove
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markers that had greater than 30% missing data or heterozygous loci and markers that had less
than a 5% minor allele frequency, resulting in 1.47 million SNPs.
A traditional Bonferroni correction is generally used to prevent false positives, but due to
the non-independent nature of the markers in this dataset, this correction would result in a
significance threshold that is far too conservative, resulting in very low statistical power. For this
reason, PLINK v1.9 indep-pairwise linkage disequilibrium (LD) variant pruning function
estimated the number of effective independent tests using a sliding window analysis with a
window size of 100 kbp, a SNP step size of 10, and an R2 threshold of 0.8 (Chang et al., 2015).
This approach identified 20,532 linkage disequilibrium blocks across the sunflower genome,
which was used as the effective number of tests to adjust the significance threshold of the
Bonferroni correction (α = 0.05 / estimated number of independent tests). While this significance
threshold is lower than the traditional Bonferroni correction, it is still highly conservative, so it is
possible that this significant threshold could still result in false negatives.
Instead of classifying all SNPs as independent associations, SNPs were binned into
significantly associated regions using observed patterns of LD with LDSelect v1.0 (Carlson et
al., 2004). SNPs were collapsed into regions based with an R2 threshold of 0.8, a threshold
observed to be sufficient for defining independent blocks in association studies (Masalia et al.,
2018). We compiled a list of genes within significant regions using the HA412 genome assembly
v.2 (Temme et al., in press).
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Results
Phenotypic variation of AM symbiosis
Light microscopy revealed the presence of mycorrhizal structures in most, but not all,
inoculated plants (Fig. 1). No mycorrhizal structures were present in the uninoculated control
plants. The mapping panel had considerable phenotypic variation in mean colonization rate, with
lines ranging from 0 to 70% (Fig. 2). Mean colonization rate among lines in the panel was
33.2%. The line means of AM colonization in the mapping panel showed a normal distribution
(Shapiro–Wilk, p= 0.1315). Within the Core 12, the variation in mean colonization rate ranged
12 to 43%.
A

H

B
V

Figure 1: A) A piece or root colonized by AM fungi. Colonized roots had arum-type colonization with intercellular
hyphae (H) and vesicles (V). B) A piece of root not colonized by AM fungi.
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Figure 2: Frequency distribution of mean arbuscular mycorrhizal (AM) colonization rate for 288 lines from the
mapping panel, 10 weeks after planting.

Lines in the core 12 exhibited high variability in mycorrhizal growth response (MGR), ranging
from -0.29 to 0.88 (Fig 3a). This means core 12 lines had anywhere from a 29% decrease in
biomass to an 88% increase in biomass when inoculated with AM fungi. This trait also correlates
significantly with shoot P response (P = 0.0012) and shoot K response (P = 0.0002) (Fig 3c, 3d).
In contrast, mean colonization rate was not correlated with MGR or either shoot P and K
response variables, and lines with highly colonized roots in the “Core 12” had both high and low
MGR and shoot P and K response (Fig 3, d).

Mapping results
For the three focal variables used in mapping (mean root colonization, maximum root
colonization, and range of root colonization), one significant SNP was identified for each trait
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(Fig.4). Mean root colonization rate mapped to a single SNP (Ha412HOChr07:148640639). This
SNP lies in a 351Kb linkage disequilibrium block containing 113 SNPs and 12 predicted proteinencoding genes. This block explained 19.0% of the variance in mean root colonization rate.
Maximum colonization rate mapped to a single SNP (Ha412HOChr02:183246676) which
explained 14.4% of the variance in the trait. This SNP lies in a 5 Kb linkage disequilibrium block
containing one SNPs and two predicted protein-encoding genes. Range of colonization mapped
to a single SNP (Ha412HOChr05:179283961) which explained 27.9% of the variance in the trait.
This SNP was found in a 6.2 Kb linkage disequilibrium block containing no other SNPs and 2
predicted protein-encoding genes.

Figure 3: Mean colonization rate, mycorrhizal growth response (MGR), and shoot nutrient response of phosphorus
and potassium were measured in the Core 12 lines. A) MGR and colonization rate are not correlated with each other.
B) Shoot P and shoot K response are correlated with each other with an R2 value of 0.898. C) MGR and shoot P
response were correlated with an R2 value of 0.666. D) MGR and shoot K response were correlated with each other
with an R2 value of 0.774.
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Figure 4: Manhattan plot for A) mean root colonization, B) maximum root colonization, and C) range of root
colonization. The red line represents the significance threshold using a Bonferroni correction with the effective
number of tests. The blue line represents the threshold for suggestive SNPs (p ≤ 0.001).

Sixteen genes were located in the three significant blocks (Table 2). One of the two
genes located on the significant block on linkage group 2 was Ha412HOChr02g0090921. The
gene annotation indicates that it is an integral part of the cellular membrane (GO:0016021) and
may be important for membrane transport. Two genes of interest in significant blocks on linkage
group 5 and 7, Ha412HOChr05g0240851 and Ha412HOChr07g0318991, are involved with lipid
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metabolic processes (GO:0016298, GO:0006629, GO: 0004806) and their predicted products
were annotated as putative triacylglycerol lipases (Table 2).
Table 1: Significant regions for AM colonization traits
Associated
region

Significant
trait

Chr

Region size
(Kb)

Percent variation
explained

Number of genes
in region

2_single607

Maximum
colonization
Range of
colonization
Mean
Colonization

2

6.2

14.4

2

5

5

27.9

2

7

351

19.0

12

5_687
7_209

Table 2: Genes within significant associated regions. Genes annotated using HA412HOv2 annotation from Temme
et al. (in press).
Significant trait

Associated region

Locus tag

Predicted product

Maximum
colonization
Maximum
colonization
Range of
colonization
Range of
colonization
LS Means

2_single607

Ha412HOChr02g0090911

2_single607

Ha412HOChr02g0090921

5_687

Ha412HOChr05g0240851

Putative cobalamin (vitamin B12) biosynthesis CobW-like, cobWlike domain superfamily
Putative ankyrin repeat-containing domain, PGG domain, ankyrin
repeat-containing domain superfamily
Putative triacylglycerol lipase

5_687

Ha412HOChr05g0240871

Putative transcription factor bZIP family

7_209

Ha412HOChr07g0318881

Putative L-ascorbate oxidase

LS Means

7_209

Ha412HOChr07g0318891

Putative 4-hydroxy-2-oxoheptanedioate aldolase

LS Means

7_209

Ha412HOChr07g0318901

Putative L-ascorbate oxidase

LS Means

7_209

Ha412HOChr07g0318911

putative protein

LS Means

7_209

Ha412HOChr07g0318921

hypothetical protein

LS Means

7_209

Ha412HOChr07g0318941

Putative alpha/beta hydrolase-1

LS Means

7_209

Ha412HOChr07g0318951

hypothetical protein

LS Means

7_209

Ha412HOChr07g0318961

hypothetical protein

LS Means

7_209

Ha412HOChr07g0318971

Putative alpha/beta hydrolase-1

LS Means

7_209

Ha412HOChr07g0318981

Putative alpha/beta hydrolase-1

LS Means

7_209

Ha412HOChr07g0318991

Putative triacylglycerol lipase

LS Means

7_209

Ha412HOChr07g0319001

hypothetical protein
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Discussion
One objective of this study was to understand the phenotypic variation in AM symbiosis
present within the cultivated sunflower germplasm. Previous studies have shown that
intraspecific variation exists in AM colonization in sunflower, wheat, and other plants
(Linderman et al., 2004; Singh et al., 2012; Turrini et al., 2016; Lehnert et al., 2016; Salloum et
al. 2016). The distribution in mean AM colonization rate observed in the SAM mapping panel
approximately mirrored the distribution of AM colonization of a smaller subset of 11 cultivars
chosen by Turrini et al. (2016), where they saw variation from 8.6 to 78.7%, compared to the 0
to 70% observed in this experiment (Fig 2). These results show that while the susceptibility AM
colonization has on average decreased due to genetic bottlenecks that occurred during the
domestication and improvement of cultivated sunflower, there is still a large amount of variation
present in the trait within cultivated sunflower (Turrini et al., 2015; Mandel et al., 2011; Liu and
Burke, 2006). Additionally, the substantial amount of phenotypic variability that still exists for
AM symbiosis, despite reduced genetic diversity in cultivated lines, is consistent with the
variation that remains in other floral, stem, leaf, and root traits in this same mapping panel
(Masalia et al., 2018, Dowell et al., 2019). One caveat to these results is that while some
genotypes may have inherently higher or lower AM colonization rates when colonized by any
AM fungal species, it is difficult to know without testing more fungal species and genotypes
whether the significant SNPs found in this study are associated with differences in a plant’s
ability to form AM symbiosis or if they are indicative of plant-fungal specific responses. In a
study on wheat cultivars, there was found to be a significant nested structure between the
interactions of different wheat cultivars and AM fungal species and isolates (Mao et al., 2013).
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Therefore, it is possible that the differences found in colonization rate in this study are not
indicative of each line’s ability to form AM symbiosis but rather its specific response to
Rhizophagus intraradices FL208.
Although colonization rate was highly variable, it did not correlate well with other
metrics used to measure differences in plant growth and nutrient response to AM fungi. This was
unexpected, as higher AM colonization is often associated with higher mycorrhizal growth
response (Lekberg & Koide, 2005; Treseder, 2013). In the core 12 alone, there was dramatic
variation in MGR, with some plants doing worse when colonized by AM fungi and some almost
doubling their aboveground biomass (Fig. 3). These results indicate that depending on the plant
genotype, the AM fungi tested (Rhizophagus intraradices) can lie on opposite ends of the
mutualism-parasitism spectrum described by Johnson et al. (1997). In a different study where the
effects of inoculation of four different fungal species on 18 diverse sorghum genotypes was
tested, a similar trend of differential responses in genotypes of the same species was documented
for all four species tested (Watts-Williams et al., 2019). The study also found strong correlations
between shoot P response and MGR in diverse genotypes, similar to the relationship between
MGR and shoot nutrient responses in this experiment. These findings have interesting
implications because while the variability in MGR and shoot P and K response has been studied
in the context of interspecific variation (Van der Heidjen et al., 1998; Bever, 2003), intraspecific
variation may also be a critical component to understanding the evolution of AM symbiosis
among plant lineages. Large variation in MGR and shoot nutrient responses occur in other
species when genotypes are grown under the same environmental conditions, including sorghum
and wheat, and some authors have suggested that mapping MGR may provide more potential
SNPs that would be useful for breeding of AM traits in plants (Kaeppler et al., 2000, Ellouze et
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al., 2016; Watts-Williams et al., 2019). The results from this analysis further indicate that MGR
and shoot nutrient response may be better for estimating the positive benefits of AM colonization
than root colonization alone and that MGR may be an important variable for association mapping
as it could provide different significant regions of the genome than those given with mapping of
AM colonization rate.
Previous attempts to use association mapping to identify SNPs associated with AM
colonization rate have indicated that the trait is likely controlled by many genes of small effect
size. In sorghum, no SNPs were above the Bonferroni significance threshold, and the three SNPs
with the highest significance could only explain about 8% of the variation each (Leiser et al.
2016). The phenotypic variation explained by a given marker in winter wheat was even lower,
with no marker explaining more than 1.14% (Lehnert et al., 2017). In tomato, each significant
marker explained 3.8% to 8.7% of the variation in the measures of AM colonization used
(Plouznikoff et al., 2019). Given these previous studies, the variation explained by the three
significant markers in this experiment (14.4%, 27.9%, and 19.0%) was higher than expected.
The three significant SNPs identified for this trait are in regions with genes important for
plant immunity and defense. Two genes of interest, one located on chromosome 5 and the other
on chromosome 7, are GDSL lipases, a subfamily of lipases that shows very broad substrate
specificity and are involved in lipid metabolism (Chepyshko et al., 2012). GDSL lipases are
divided into four clades that are related to development, abiotic stress response, pathogen
defense, and secondary metabolism (Lee et al., 2009; Gao et al., 2017; Lai et al., 2017).
According to phylogenomic analyses of conserved gene families, a clade of members of this
subfamily are conserved for AM symbiosis (Bravo et al., 2016). Ha412HOChr05g0240851 is an
orthologue of a gene that was considered conserved in this family. The significant region on
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chromosome 2 has a gene, Ha412HOChr02g0090921, that is a member of a large clade of
ankyrins that have a PGG domain. While the function of these genes is largely unknown, this
gene family has been classified as a mycorrhizal-expanded gene family (Kramer et al., 2019).
Other members of this gene family are ACCELERATED CELL DEATH 6 (ACD6), which plays
a role in systemic acquired resistance and immunity, and INEFFECTIVE GREENISH
NODULES (IGN1), which prevents premature senescence of cells infected with nitrogen fixing
bacteria at the onset of infection (Rate et al., 1999; Kumagai et al., 2007). Transcripts of this
gene were also found to be differentially regulated in the transcriptome of sunflower when
colonized with AM fungi (Vangelisti et al., 2017).
Given the conservative significance threshold of the Bonferroni correction, it is possible
that there are more genes of smaller effect, as we had originally hypothesized, but due to the low
repeatability rates of mycorrhizal colonization as a metric, the p-values for these genes did not
surpass the conservative threshold, unlike those genes of large effect sizes. Additionally, while
conserved genes are not generally believed to have much variation due to their conserved nature,
our present analysis shows that almost half of the genes have variants within the mapping panel.
No conserved genes have been found to be significant in other studies (Stanton-Geddes et al.,
2013; Bravo et al., 2016; Lehnert et al., 2017), but one of the significant SNPs in this analysis
was a true orthologue to a conserved gene family.
In summary, we used association mapping on a diversity panel with 288 lines of
sunflower inoculated with AM fungi to identify SNPs and candidate genes associate with AM
colonization rate. Mapping yielded three significant SNPs on linkage groups 2, 5, and 7. Two of
these significant regions had genes belonging to a subfamily known to be partially conserved for
AM symbiosis. The other significant region included a gene that belonged to a gene family that
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has expanded in the lineages of AM hosts and another member of this gene family has been
described as important in plant symbioses with rhizobia. We also used this panel to determine
variation of AM colonization in cultivated sunflower, as well as a smaller subset of lines to
determine the relationship between AM colonization rate, mycorrhizal growth response, and
shoot nutrient response. There was a large amount of variation in mean colonization rate across
lines, but this trait did not correlate with mycorrhizal growth response and shoot nutrient
response. Some of the variation in AM colonization rate in cultivated sunflower could be due to
variation in gene families involved in defense, like the families found in this study and others,
but more research is needed to understand the mechanism involved in the control of colonization
rate.

25

References
An GH, Kobayashi S, Enoki H, Sonobe K, Muraki M, Karasawa T, Ezawa T. 2010. How
does arbuscular mycorrhizal colonization vary with host plant genotype? An example
based on maize (Zea mays) germplasms. Plant and Soil 327 (1):441-453.
Audet P, Charest C. 2007. Dynamics of arbuscular mycorrhizal symbiosis in heavy metal
phytoremediation: Meta-analytical and conceptual perspectives. Environmental Pollution
147 (3):609-614.
Auge RM. 2001. Water relations, drought and vesicular-arbuscular mycorrhizal symbiosis.
Mycorrhiza 11 (1):3-42.
Berbee ML, James TY, Strullu-Derrien C. 2017. Early Diverging Fungi: Diversity and Impact
at the Dawn of Terrestrial Life. Annual Review of Microbiology 71 (1):41-60.
Bever JD. 2003. Soil community feedback and the coexistence of competitors: conceptual
frameworks and empirical tests. New Phytologist 157 (3):465-473.
Blackman BK, Scascitelli M, Kane NC, Luton HH, Rasmussen DA, Bye RA, Lentz DL,
Rieseberg LH. 2011. Sunflower domestication alleles support single domestication
center in eastern North America. Proceedings of the National Academy of Sciences 108
(34):14360.
Bonfante P, Genre A. 2010. Mechanisms underlying beneficial plant–fungus interactions in
mycorrhizal symbiosis. Nature Communications 1:48.
Brachi B, Morris GP, Borevitz JO. 2011. Genome-wide association studies in plants: the
missing heritability is in the field. Genome Biology 12 (10):232.

26

Bravo A, York T, Pumplin N, Mueller LA, Harrison MJ. 2016. Genes conserved for
arbuscular mycorrhizal symbiosis identified through phylogenomics. Nature Plants
2:15208.
Brundrett M. 2004. Diversity and classification of mycorrhizal associations. Biological Reviews
79 (3):473-495.
Brundrett MC, Tedersoo L. 2018. Evolutionary history of mycorrhizal symbioses and global
host plant diversity. New Phytologist doi:10.1111/nph.14976
Bush WS, Moore JH. 2012. Chapter 11: Genome-Wide Association Studies. PLOS
Computational Biology 8 (12):e1002822.
Carlson CS, Eberle MA, Rieder MJ, Yi Q, Kruglyak L, Nickerson DA. 2004. Selecting a
Maximally Informative Set of Single-Nucleotide Polymorphisms for Association
Analyses Using Linkage Disequilibrium. The American Journal of Human Genetics 74
(1):106-120.
Chandrasekaran M, Boughattas S, Hu S, Oh S-H, Sa T. 2014. A meta-analysis of arbuscular
mycorrhizal effects on plants grown under salt stress. Mycorrhiza 24 (8):611-625.
Chang CC, Chow CC, Tellier LCAM, Vattikuti S, Purcell SM, Lee JJ. 2015. Secondgeneration PLINK: rising to the challenge of larger and richer datasets. GigaScience 4
(1).
Chepyshko H, Lai C-P, Huang L-M, Liu J-H, Shaw J-F. 2012. Multifunctionality and
diversity of GDSL esterase/lipase gene family in rice (Oryza sativa L. japonica) genome:
new insights from bioinformatics analysis. BMC Genomics 13 (1):309.
Delaux P.M. 2017. Comparative phylogenomics of symbiotic associations. New Phytologist 213
(1):89-94.

27

Delaux P-M, Radhakrishnan GV, Jayaraman D, Cheema J, Malbreil M, Volkening JD,
Sekimoto H, Nishiyama T, Melkonian M, Pokorny L, Rothfels CJ, Sederoff HW,
Stevenson DW, Surek B, Zhang Y, Sussman MR, Dunand C, Morris RJ, Roux C,
Wong GK-S, Oldroyd GED, Ané J-M. 2015. Algal ancestor of land plants was
preadapted for symbiosis. Proceedings of the National Academy of Sciences 112
(43):13390.
Dowell JA, Mason CM, Reynolds EC, Burke JM, Donovan LA, Pliakas TP, Mandel JR.
2019. Genome-Wide Association Mapping of Floral Traits in Cultivated Sunflower
(Helianthus annuus). doi:10.1093/jhered/esz013
Ellouze W, Hamel C, DePauw RM, Knox RE, Cuthbert RD, Singh AK. 2015. Potential to
breed for mycorrhizal association in durum wheat. Canadian Journal of Microbiology 62
(3):263-271.
Favre P, Bapaume L, Bossolini E, Delorenzi M, Falquet L, Reinhardt D. 2014. A novel
bioinformatics pipeline to discover genes related to arbuscular mycorrhizal symbiosis
based on their evolutionary conservation pattern among higher plants. BMC Plant
Biology 14 (1):333.
Fusari CM, Di Rienzo JA, Troglia C, Nishinakamasu V, Moreno MV, Maringolo C, Quiroz
F, Alvarez D, Escande A, Hopp E, Heinz R, Lia VV, Paniego NB. 2012. Association
mapping in sunflower for sclerotinia head rot resistance. BMC Plant Biology 12.
Gao M, Yin X, Yang W, Lam SM, Tong X, Liu J, Wang X, Li Q, Shui G, He Z. 2017. GDSL
lipases modulate immunity through lipid homeostasis in rice. PLoS Pathology 13
(11):e1006724.

28

Giovannetti M, M. 1980. AN EVALUATION OF TECHNIQUES FOR MEASURING
VESICULAR ARBUSCULAR MYCORRHIZAL INFECTION IN ROOTS. New
Phytologist 84 (3):489-500.
Gobbato E, Marsh John F, Vernié T, Wang E, Maillet F, Kim J, Miller JB, Sun J, Bano
SA, Ratet P, Mysore Kirankumar S, Dénarié J, Schultze M, Oldroyd Giles ED.
2012. A GRAS-Type Transcription Factor with a Specific Function in Mycorrhizal
Signaling. Current Biology 22 (23):2236-2241.
Harrison MJ, Dewbre GR, Liu J. 2002. A phosphate transporter from Medicago truncatula
involved in the acquisition of phosphate released by arbuscular mycorrhizal fungi. The
Plant Cell 14 (10):2413-2429.
Hartnett DC, Wilson GWT. 2002. The role of mycorrhizas in plant community structure and
dynamics: lessons from grasslands. Plant and Soil 244 (1):319-331.
Hetrick BAD, Wilson GWT, Cox TS. 1992. Mycorrhizal dependence of modern wheat
varieties, landraces, and ancestors. Canadian Journal of Botany 70 (10):2032-2040.
Hoeksema JD, Chaudhary VB, Gehring CA, Johnson NC, Karst J, Koide RT, Pringle A,
Zabinski C, Bever JD, Moore JC, Wilson GWT, Klironomos JN, Umbanhowar J.
2010. A meta‐analysis of context‐dependency in plant response to inoculation with
mycorrhizal fungi. Ecology Letters 13 (3):394-407.
Johnson NC, Graham JH, Smith FA. 1997. Functioning of mycorrhizal associations along the
mutualism-parasitism continuum. New Phytologist 135 (4):575-586.
Korte A, Farlow A. 2013. The advantages and limitations of trait analysis with GWAS: a
review. Plant Methods 9 (1):29.

29

Kramer EM, Statter SA, Yi HJ, Carlson JW, McClelland DHR. 2019. Flowering plant
immune repertoires expand under mycorrhizal symbiosis. Plant Direct 3 (3):e00125.
Kumagai H, Hakoyama T, Umehara Y, Sato S, Kaneko T, Tabata S, Kouchi H. 2007. A
Novel Ankyrin-Repeat Membrane Protein, IGN1, Is Required for Persistence of
Nitrogen-Fixing Symbiosis in Root Nodules of Lotus japonicus. Plant Physiology 143
(3):1293.
Lai C-P, Huang L-M, Chen L-FO, Chan M-T, Shaw J-F. 2017. Genome-wide analysis of
GDSL-type esterases/lipases in Arabidopsis. Plant Molecular Biology 95 (1):181-197.
Lee DS, Kim BK, Kwon SJ, Jin HC, Park OK. 2009. Arabidopsis GDSL lipase 2 plays a role
in pathogen defense via negative regulation of auxin signaling. Biochemical and
Biophysical Research Communications 379 (4):1038-1042.
Lehnert H, Serfling A, Enders M, Friedt W, Ordon F. 2017. Genetics of mycorrhizal
symbiosis in winter wheat (Triticum aestivum). New Phytologist 215 (2):779-791.
Leiser WL, Olatoye MO, Rattunde HFW, Neumann G, Weltzien E, Haussmann BIG. 2016.
No need to breed for enhanced colonization by arbuscular mycorrhizal fungi to improve
low-P adaptation of West African sorghums. Plant and Soil 401 (1):51-64.
Lekberg Y, Koide RT. 2005. Is plant performance limited by abundance of arbuscular
mycorrhizal fungi? A meta-analysis of studies published between 1988 and 2003. New
Phytologist 168 (1):189-204.
Linderman RG, Davis EA. 2004. Varied response of marigold (Tagetes spp.) genotypes to
inoculation with different arbuscular mycorrhizal fungi. Scientia Horticulturae 99 (1):6778.

30

Liu A, Burke JM. 2006. Patterns of Nucleotide Diversity in Wild and Cultivated Sunflower.
Genetics 173 (1):321.
MacLean AM, Bravo A, Harrison MJ. 2017. Plant Signaling and Metabolic Pathways
Enabling Arbuscular Mycorrhizal Symbiosis. The Plant Cell 29 (10):2319.
Mandel J, Dechaine J, Marek L, Burke J. 2011. Genetic diversity and population structure in
cultivated sunflower and a comparison to its wild progenitor, Helianthus annuus L.
Theoretical and Applied Genetics 123 (5):693-704.
Mandel JR, Nambeesan S, Bowers JE, Marek LF, Ebert D, Rieseberg LH, Knapp SJ,
Burke JM. 2013. Association Mapping and the Genomic Consequences of Selection in
Sunflower. Plos Genetics 9 (3).
Mao L, Liu Y, Shi G, Jiang S, Cheng G, Li X, An L, Feng H. 2014. Wheat cultivars form
distinctive communities of root-associated arbuscular mycorrhiza in a conventional
agroecosystem. Plant and Soil 374 (1):949-961.
Masalia RR, Temme AA, Torralba Ndl, Burke JM. 2018. Multiple genomic regions influence
root morphology and seedling growth in cultivated sunflower (Helianthus annuus L.)
under well-watered and water-limited conditions. PLOS ONE 13 (9):e0204279.
McGonigle TP, Miller MH, Evans DG, Fairchild GL, Swan JA. 1990. A new method which
gives an objective measure of colonization of roots by vesicular—arbuscular mycorrhizal
fungi. New Phytologist 115 (3):495-501.
Oldroyd GED. 2013. Speak, friend, and enter: signalling systems that promote beneficial
symbiotic associations in plants. Nature Reviews Microbiology 11 (4):252-263.

31

Pellegrino E, Öpik M, Bonari E, Ercoli L. 2015. Responses of wheat to arbuscular mycorrhizal
fungi: A meta-analysis of field studies from 1975 to 2013. Soil Biology and Biochemistry
84:210-217.
Plouznikoff K, Asins MJ, de Boulois HD, Carbonell EA, Declerck S. 2019. Genetic analysis
of tomato root colonization by arbuscular mycorrhizal fungi. Annals of Botany 124
(6):933-946.
Rate DN, Cuenca JV, Bowman GR, Guttman DS, Greenberg JT. 1999. The Gain-ofFunction Arabidopsis Mutant Reveals Novel Regulation and Function of the Salicylic
Acid Signaling Pathway in Controlling Cell Death, Defenses, and Cell Growth. The Plant
Cell 11 (9):1695.
Remy W, Taylor TN, Hass H, Kerp H. 1994. Four hundred-million-year-old vesicular
arbuscular mycorrhizae. Proceedings of the National Academy of Sciences 91
(25):11841-11843.
Rillig MC. 2004. Arbuscular mycorrhizae and terrestrial ecosystem processes. Ecology Letters 7
(8):740-754.
Rillig MC, Mummey DL. 2006. Mycorrhizas and soil structure. New Phytologist 171 (1):41-53.
Risch N, Merikangas K. 1996. The Future of Genetic Studies of Complex Human Diseases.
Science 273 (5281):1516.
Schenck NC, Smith GS. 1982. Additional New and Unreported Species of Mycorrhizal Fungi
(Endogonaceae) from Florida. Mycologia 74 (1):77-92.
Schmutz J, McClean PE, Mamidi S, Wu GA, Cannon SB, Grimwood J, Jenkins J, Shu SQ,
Song QJ, Chavarro C, Torres-Torres M, Geffroy V, Moghaddam SM, Gao DY,
Abernathy B, Barry K, Blair M, Brick MA, Chovatia M, Gepts P, Goodstein DM,
32

Gonzales M, Hellsten U, Hyten DL, Jia GF, Kelly JD, Kudrna D, Lee R, Richard
MMS, Miklas PN, Osorno JM, Rodrigues J, Thareau V, Urrea CA, Wang M, Yu Y,
Zhang M, Wing RA, Cregan PB, Rokhsar DS, Jackson SA. 2014. A reference genome
for common bean and genome-wide analysis of dual domestications. Nature Genetics 46
(7):707-713.
Schütz L, Gattinger A, Meier M, Müller A, Boller T, Mäder P, Mathimaran N. 2018.
Improving Crop Yield and Nutrient Use Efficiency via Biofertilization—A Global Metaanalysis. Frontiers in Plant Science 8:2204.
Schüβler A, Schwarzott D, Walker C. 2001. A new fungal phylum, the Glomeromycota:
phylogeny and evolution. Mycological Research 105 (12):1413-1421.
Sikes BA, Cottenie K, Klironomos JN. 2009. Plant and fungal identity determines pathogen
protection of plant roots by arbuscular mycorrhizas. Journal of Ecology 97 (6):12741280.
Singh AK, Hamel C, DePauw RM, Knox RE. 2012. Genetic variability in arbuscular
mycorrhizal fungi compatibility supports the selection of durum wheat genotypes for
enhancing soil ecological services and cropping systems in Canada. Canadian Journal of
Microbiology 58 (3):293-302.
Smith SE, Read D. 2008. 2 - Colonization of roots and anatomy of arbuscular mycorrhizas. In:
Smith SE, Read D (eds) Mycorrhizal Symbiosis (Third Edition). Academic Press,
London, pp 42-90.
Stanton-Geddes J, Paape T, Epstein B, Briskine R, Yoder J, Mudge J, Bharti AK, Farmer
AD, Zhou P, Denny R, May GD, Erlandson S, Yakub M, Sugawara M, Sadowsky
MJ, Young ND, Tiffin P. 2013. Candidate Genes and Genetic Architecture of Symbiotic
33

and Agronomic Traits Revealed by Whole-Genome, Sequence-Based Association
Genetics in Medicago truncatula. PLOS ONE 8 (5):e65688.
Stockinger H, Walker C, Schüßler A. 2009. 'Glomus Intraradices DAOM197198', a Model
Fungus in Arbuscular Mycorrhiza Research, Is Not Glomus intraradices. The New
Phytologist 183 (4):1176-1187
Treseder KK. 2013. The extent of mycorrhizal colonization of roots and its influence on plant
growth and phosphorus content. Plant and Soil 371 (1):1-13.
Turrini A, Giordani T, Avio L, Natali L, Giovannetti M, Cavallini A. 2016. Large variation
in mycorrhizal colonization among wild accessions, cultivars, and inbreds of sunflower
(Helianthus annuus L.). Euphytica 207 (2):331-342.
van der Heijden MGA, Klironomos JN, Ursic M, Moutoglis P, Streitwolf-Engel R, Boller T,
Wiemken A, Sanders IR. 1998. Mycorrhizal fungal diversity determines plant
biodiversity, ecosystem variability and productivity. Nature 396 (6706):69-72.
Vangelisti A, Natali L, Bernardi R, Sbrana C, Turrini A, Hassani-Pak K, Hughes D,
Cavallini A, Giovannetti M, Giordani T. 2018. Transcriptome changes induced by
arbuscular mycorrhizal fungi in sunflower (Helianthus annuus L.) roots. Scientific
Reports 8 (1):4.
Wang B, Qiu YL. 2006. Phylogenetic distribution and evolution of mycorrhizas in land plants.
Mycorrhiza 16 (5):299-363.
Wang E, Schornack S, Marsh John F, Gobbato E, Schwessinger B, Eastmond P, Schultze
M, Kamoun S, Oldroyd Giles ED. 2012. A Common Signaling Process that Promotes
Mycorrhizal and Oomycete Colonization of Plants. Current Biology 22 (23):2242-2246.

34

Watts-Williams SJ, Emmett BD, Levesque-Tremblay V, MacLean AM, Sun X, Satterlee
JW, Fei Z, Harrison MJ. 2019. Diverse Sorghum bicolor accessions show marked
variation in growth and transcriptional responses to arbuscular mycorrhizal fungi. Plant,
Cell & Environment 42 (5):1758-1774.
Wilson GWT, Rice CW, Rillig MC, Springer A, Hartnett DC. 2009. Soil aggregation and
carbon sequestration are tightly correlated with the abundance of arbuscular mycorrhizal
fungi: results from long-term field experiments. Ecology Letters 12 (5):452-461.
Zhang Q, Blaylock LA, Harrison MJ. 2010. Two Medicago truncatula half-ABC transporters
are essential for arbuscule development in arbuscular mycorrhizal symbiosis. The Plant
Cell 22 (5):1483-1497.
Zhang S, Lehmann A, Zheng W, You Z, Rillig MC. 2019. Arbuscular mycorrhizal fungi
increase grain yields: a meta-analysis. New Phytologist 222 (1):543-555.
Zhao K, Tung CW, Eizenga GC, Wright MH, Ali ML, Price AH, Norton GJ, Islam MR,
Reynolds A, Mezey J, McClung AM, Bustamante CD, McCouch SR. 2011. Genomewide association mapping reveals a rich genetic architecture of complex traits in Oryza
sativa. Nature Communications 2.
Zhou X, Stephens M. 2012. Genome-wide efficient mixed-model analysis for association
studies. Nature Genetics 44 (7):821-824.

35

